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ABSTRACT 
 
The chemistry of graphene oxide (GO) and its response to external stimuli such as temperature and light are not well 
understood and only approximately controlled. This understanding is however crucial to enable future applications of 
the material that typically are subject to environmental conditions. The nature of the initial GO is also highly 
dependent on the preparation and the form of the initial carbon material. Here, we consider both standard GO made 
from oxidizing graphite and layered GO made from oxidizing epitaxial graphene on SiC, and examine their evolution 
under different stimuli. The effect of the solvent on the thermal evolution of standard GO in vacuum is first 
investigated. In situ infrared absorption measurements clearly show that the nature of the last solvent in contact with 
GO prior to deposition on a substrate for vacuum annealing studies substantially affect the chemical evolution of the 
material as GO is reduced. Second, the stability of GO derived from epitaxial graphene (on SiC) is examined as a 
function of time. We show that hydrogen, in the form of CH, is present after the Hummers process, and that hydrogen 
favors the reduction of epoxide groups and the formation of water molecules. Importantly, this transformation can take 
place at room temperature, albeit slowly (~ one month).  Finally, the chemical interaction (e.g. bonding) between GO 
layers in multilayer samples is examined with diffraction (XRD) methods, spectroscopic (IR, XPS, Raman) 
techniques, imaging (APF) and first principles modeling.  
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1. INTRODUCTION 
 
Graphene Oxide (GO) has been considered for a number of applications involving tunable opto-electronic properties 
through reduction in the form of thin films1 or as a bulk powder material2 for high capacity chemical storage 
applications3. Graphite oxide is synthesized by strong acid/base treatments4-6 of graphite resulting in the incorporation 
of oxygen in many forms, such as out of plane epoxide and hydroxyl species, edge functionalization (carboxyls, 
carbonyls, hydroxyls) and in-plane structures (ether-like species)7, and can be further exfoliated into separate GO 
sheets8-10. GO is a non-stoichiometric11, highly hygroscopic compound that is initially electrically insulating. 
Furthermore, GO is inhomogeneous, even within the same solution, leading to difficulties for comparisons without in 
situ characterization.12 While some electronic applications with graphene oxide need a conductive material (i.e. closer 
to graphene), some energy storage applications have additional requirements, such as contact with electrolytes. 
Theoretical and experimental studies have focused on understanding the structure and chemistry of single layer GO, 
both in as-synthesized13 and reduced forms14 as well as the evolution of structure at different degrees of reduction15,16. 
Thermal reduction of GO for instance has been shown to involve the removal of epoxide and hydroxyl groups by 
formation of H2O, H2, O2 (oxygen elimination), and also CO and CO2 (carbon elimination) thus creating defects in the 
form of etch holes within the graphene basal plane17,18. There is however little understanding of the behavior of 
multiple GO sheets that are stacked together in the form of thin films or as bulk materials for various energy 
applications19. The interactions along the c-axis perpendicular to the GO sheets in the multilayered material have been 
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mostly ignored. The multilayered structure assembled from exfoliated GO sheets is different from that of graphite 
oxide in that there is little or no commensurate stacking amongst the layers20. Thus interactions amongst layers in 
multi-layered GO are not strictly defined by the π-π- interactions as in graphite but are dominated by hydrogen 
bonding of functional groups and trapped molecules between the layers21.  
For instance, the presence of water and strong interactions between GO planes have been recognized as important3, but 
little is known about the nature and role of water and other molecules trapped within the ~1 nm22,23 spacing between 
the sheets at the interface, and the chemistry it can foster especially during the reduction process. Yet, control of 3D 
multilayered GO structures is important for a number of applications, including electrolytes within super- and hybrid- 
capacitors24 and batteries (ionic transport)25, mechanical actuators26 that convert external stimuli such as thermal, light, 
electrical27,28 , or chemical energy to mechanical energy29. In electromechanical resonators for example, the actuation 
depends on variation of humidity and/or temperature30. In supercapacitors, the ion transport is controlled by the size of 
openings (i.e. holes in GO layers) as well as the intersheet spacing31.  The mechanical properties of GO paper-like 
composites are controlled by network of hydrogen bonds, the concentration of which can vary with water content32. It 
is clearly of fundamental importance to understand the chemistry of water confined between the sheets in pristine GO 
as well as reduced GO. 
Several other molecules play an important role as intercalant. In energy storage devices (e.g., Li-ion batteries or 
ultracapacitors),33 electrolytes are used to provide electrical communication between the high surface area, charge-
storing electrodes. For instance, Ionic liquids (ILs) are attractive choices for this role because of their unique and 
valuable physical properties (e.g., low vapor pressure, high thermal stability, non-flammability, high ion conductivity, 
wide electrochemical window, and low melting temperature).34 In graphene-based ultracapacitors, electrodes are 
commonly prepared from modified graphite or graphene.3 Once ILs are combined with the electrodes, the two 
components interact through Coulombic or charge polarization interactions, van der Waals, hydrogen bonding and 
cation-π or π-π forces, which control their wetting of the electrode and internal order. The ILs’ structure and properties, 
such as dispersibility on the carbon and stabilization of charge buildup, determine the overall performance of the 
ultracapacitor. Beyond enhancing the energy storage capability of the carbon material, a proper match in surface 
tension of ILs and graphite also facilitates the interaction of these two components and promotes the intercalation and 
exfoliation of the individual graphene layers.35 
Here, we review the essential findings of the role of water and other molecules in the evolution of GO during 
thermal annealing.  
2. WATER INTERCALATION 
Infrared absorbance spectra of typical multilayered GO (three and multi layers) thin films in transmission have been 
able to identify several distinct vibrational modes of various types of oxygen functionalities, such as epoxides (C-O-C, 
1280-1320 cm-1 and ~850 cm-1), edge carboxyl groups (COOH, 1650-1750 cm-1 with C-OH modes at ~3000-3700 cm-
1), carbonyls (C=O and O-C=O, 1750-1850 cm-1 and 1500-1750 cm-1, respectively), basal plane hydroxyls and phenols 
(edge hydroxyls)36 (C-OH, 3000-3700 cm-1) and asymmetric vibrational stretching of sp2-hybridized C=C (1500-1600 
cm-1). Although these oxygen functionalities are common to all multilayered and single-layer GO films, the absolute 
and relative intensities depend on both the amount of material on the substrate and the details of the preparation. 
Furthermore, various ketone and ester carbonyls are initially present, with spectral contributions that overlap in the 
most important spectral regions (900-1500 cm-1), greatly complicating assignments.37  
The presence of physisorbed water38 is observed even on single layer GO (GO-1L) surfaces, as evidenced by both OH 
stretching (~3000-3500 cm-1) and scissor (1600-1650 cm-1) modes of H2O that are broadened through hydrogen 
interactions with C-OH (O-H stretch at 3000-3700 cm-1) and COOH (OH stretch at ~3549 cm-1). These modes are 
markedly stronger and broader in multilayered GO (GO-ML) due to trapped water in interlayer nano-spacings39, as a 
result of a high hydroxyl concentration as well as stronger hydrogen bonding interactions between OH and other 
oxygen functionalities in close proximity.   
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The presence of water was shown to dramatically influence the chemistry of multilayered GO upon mild heating (60-
250oC), typically observed by examining difference spectra of single- and multi-layer GO in the 1100-1850 cm-1 
spectral region. Although the initial spectra were similar, the relative increase in intensity of the 1100-1500 cm-1 
region was much higher for three- or multilayered GO (as the sample is annealed to 175 oC).  Importantly, this 
intensity increase occurred at lower temperatures in multilayered GO (~125°C) than for GO-1L (~150°C). These 
observations were used to determine that, for a given number of oxygen functionalities, a larger relative concentration 
of ketone and ester carbonyl derivatives (~1500-1850 cm-1) is produced in GO-ML than on GO-1L. Correlated with 
these observations was an intensity loss of OH related vibrational modes.  
Fig. 1 quantifies the findings described above by showing the dependence of the integrated intensities of the H2O and 
OH (C-OH, COOH) stretching modes (~3000-3700 cm-1) in Fig. 1i and the normalized concentration of carbonyls 
(1100-1850 cm-1) as a function of annealing temperatures in Fig. 1ii. Fig. 1i highlights the fact that a substantial 
amount of water is trapped between layers of multilayered GO and that there is a precipitous drop in water 
concentration at ~150 oC. In contrast, single layer GO is characterized by OH stretch region primarily arising from 
carboxyls and hydroxyls with relatively insignificant contribution from physisorbed H2O. Consequently, there is no 
sharp loss of OH stretch intensity at ~ 150oC in GO-1L. 
In Fig. 1ii, the integrated area associated with carbonyl formation is normalized to the total area of all oxygen 
functionalities prior to annealing. While there are marked variations in dipole moments, using this overall integrated 
area provides an excellent average measure of the total number of oxygen present in the sample and avoids 
uncertainties related to uncertainties of surface coverage. The results clearly show that 1) the formation of carbonyls 
starts at lower temperatures (~125oC) in three- or multilayered GO than in single layer GO (~150 oC), and 2) the 
amount of carbonyl formed is ~ 4 times larger, for an identical initial oxygen concentration (in all the functional 
forms), for GO-3L than for GO-1L (~110% increase instead of ~30% shown in Fig. 1ii). Confirmation of a higher 
carbonyl formation during annealing of multilayered than single-layer GO was provided by XPS measurements.  
The role of confined water in altering the chemistry of multilayered GO upon mild annealing were further elucidated 
by focusing on the mechanisms of carbonyl formation at ~ 125 oC, which is accompanied by the evolution of CO2.40 
The detection of CO2 molecules indicates the formation of defects in the graphene basal plane. Such defects occur in 
the form of holes and have been predicted by MD simulations41 and observed by high-resolution transmission electron 
microscopy42. The mechanism for void formation by CO2 production is therefore believed to be based on the reaction 
of dissociative oxygen (from gas or water phase) with oxygen-functionalized basal plane sites and possibly epoxide 
migration to edges43.  It has also been proposed that carbon-carbon bonds below an epoxy group can relax when 
aligned one dimensionally44, resulting in the introduction of cracks upon reduction45. Simultaneous decomposition of 
epoxides with carbonyl formation during annealing indicates that one source of basal plane defects is the epoxide 
removal (ring opening), similar to the case of fullerenes via nucleophilic attack46 but can also exist intrinsic upon 
oxidation47. In all proposed mechanisms, the presence of water molecules in close proximity to the reactants is 
essential for facilitating the reaction.  
To explain the large formation of these carbonyl species at ~ 175°C, DFT calculations have been performed using a 
defective GO model with a localized etch hole formed by removing at least three adjacent C atoms. This model etch 
hole is used to calculate how H2O molecules can react with one or more dangling bonds, created via CO2 production 
during the hole formation. While several possible reaction paths are possible with different products, calculations of 
the formation energy associated with each reaction indicates that there are several paths for carbonyl formation, and 
another with release of a H2 (exothermic by 1.0 eV), another involving the reaction of a hydroxyl and C-H formation at 
two carbon dangling bonds with a water molecule (barrierless with an energy gain of  3.9 eV). These carbonyl groups 
subsequently react with residual epoxide groups which would migrate towards the etch hole, and such reactions will 
remove the carbonyl groups in the form of CO2.43 Small activation barriers (0.1 eV and 0.129 eV) in Fig. 4ii (a-e) also 
confirm that hydroxyls and carbonyls are easily reversible at the etch holes. The fact that OH and C=O formation ener- 
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Figure 1. Comparison of the integrated total OH contribution from (i) H2O, OH and COOH and (ii) normalized 
absorbance of integrated carbonyl concentration. (i) Integrated intensities (3000-3700 cm-1, std. ±0.01-0.2 %) of C-OH 
peak are shown as a function of temperature for GO-1L (red), GO-3L (blue) and GO-ML (green). Removal of H2O up to 
175°C significantly decreases the intensity of the C-OH peak (left). After removal of H2O, the intensities of C-OH and 
COOH groups are dominant (right). (ii) Comparison of the normalized carbonyl integrated infrared absorbance (1100-
1850 cm-1, std. ±0.1-2%) for both GO-1L (blue) and GO-3L (red) indicates an ~110% increase instead of ~30% as a 
function of temperature. Normalization performed by dividing to initial (prior to annealing) integrated absorbance values 
of 0.95 cm-1  for GO-1L and 1.54 cm-1 for GO-3L (1100-1850 cm-1). Model structures shown for processes involving (iii) 
only edge intrasheet (GO-1L) and (iv) both intra- and inter-sheet (GO-3L) interactions for 60-125°C, 125-175°C and 175-
250°C.  
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4. IONIC LIQUID INTERCALATION 
For energy applications, such a ultracapacitors, the intercalation of ionic liquids (ILs) become important, and 
understanding their interaction during processing (e.g. mild annealing to reduce GO) is necessary to make progress. 
For instance, the fabrication of high performance, graphene-based electrochemical ultracapacitors, depends on the 
reduction of graphite oxide (GO) and its interaction with ionic liquids (ILs), used as the conductive electrolyte. Since 
ILs are composed of an anion and a cation, the situation is more complex as the interaction of each component can 
play a role. 
To explore the ILs’ physical and chemical interactions with thermally reduced GO (TRG) as a function of annealing 
temperature, three ILs with ammonium core structures were selected to differentiate the role of their anions and 
cations in exfoliation, as illustrated in Figure 3 (1-3).49 Intercalation was accompanied by either covalent or non-
covalent bonding, as determined by thermogravimetric analysis (TGA) and infrared (IR) absorption spectroscopy 
performed in situ during thermal annealing and by X-ray diffraction (XRD) analysis, and the results are summarized 
on the right side of each structure in Fig. 3.  
(a)
 
 
 
• No functionalization till 200 °C 
• Partial functionalization at 250 °C 
• Efficient oxygen removal 
• Exfoliates with weak expansion 
(b)  
• Covalent functionalization 
• Oxygen remains at 500°C 
• Exfoliates with weak 
• expansion 
(c)
 
 
 
• No functionalization 
• Efficient oxygen removal 
• Exfoliates and highly expands 
Figure 3. (a) N-methyl-N,N,N-tris(2-hydroxyethyl)ammonium iodide (1), (b) N-methyl-N,N,N-tris(2-hydroxyethyl) ammo-
nium methyl sulfate (2), (c) N,N,N-tributyl-N-octylammonium methyl sulfate (3), and (right) the diagnostic properties of the 
GIICs formed when the ILs were blended and annealed with TRG. Red bars indicate degree of non functionalization. 
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Upon IL intercalation, covalent bonding between the IL and TRG was found to prevent exfoliation, while non-
covalently physisorbed ILs were readily removed and therefore facilitated exfoliation of the reduced GO. The anion 
and cation moieties of the ILs investigated were found to influence the decomposition temperature and the degree of 
thermal stabilization of the TRG-IL composites. Indeed, cations bearing long alkyl chains did not functionalize the 
TRG and therefore promoted both sheet expansion and exfoliation. The solvent-dependency of these properties was 
also investigated by forming GO-IL intercalation compounds (GIICs) from both deionized (DI) water and propylene 
carbonate (PC). 
Specifically, both the anion and cation moieties of ILs intercalated into GO were found to influence the degree of 
expansion and exfoliation upon thermal annealing of GIICs. The intercalated ILs were capable of modulating the Td of 
the TRG-IL composites, which facilitated the stabilization of the IL in the TRG interlayer spacing. Cations bearing 
long, unfunctionalized alkyl chains stabilized the corresponding GIICs, and the intercalation compounds were highly 
thermally reduced, exhibiting no chemical interlayer functionalization of the TRG. N-methyl-N,N,N-tris(2-
hydroxyethyl)ammonium iodide, 1, survived annealing at high temperatures in the TRG interlayer, allowing the IL to 
heal defects through possible hydride transfers from the IL into the defects (absence of CO2 production) with no 
covalent functionalization until an annealing temperature of 200 ºC was reached. The iodide-containing IL also 
facilitated an efficient oxygen removal from GO, as determined by both infrared absorbance and differential spectra. 
Conversely, ILs bearing methyl sulfate anions exhibited enhanced chemical reactivity with the GO surface, leading to 
functionalization of TRG. While the anion structure influenced the chemical reactions occurring within the GO 
interlayer region, the thermal stability of the GIICs was influenced primarily by the cation portion of the IL. For 
instance, cations bearing long alkyl chains did not interact with the TRG (i.e., no functionalization occurred during 
annealing), even when coupled with methyl sulfate anions. GIICs containing this heavily alkylated IL also exhibited an 
enhanced degree of thermal expansion. A significant alteration of the Td of both GO and GIIC also brought to our 
attention the role of the solvent used to prepare the composites. A dramatic decrease in the Td of GO in the presence 
PC for all three GIICs confirmed that PC enhanced the degree of oxygen removal from the GO surface. 
This type of fundamental study should help guide the scientific community toward the optimal choice of a suitable IL 
for graphene-based systems in energy storage applications. Importantly, we have shown that the carbon-IL interactions 
are often very specific to the chemical environments created by the two components, and thus an a priori selection of 
an IL to match a carbon material may not be possible. As we have shown herein, highly functionalized ILs, such as the 
hydroxylated species employed (1 and 2), interact strongly with carbon materials such as GO and TRG, while sparsely 
functionalized ILs (e.g., 3) do not. Moreover, both the cation and anion moieties of the IL can play a role in these 
interactions. Suitable choices for ultracapacitor applications can be made, although the promise of commercially 
applicable, high performance energy storage devices incorporating ILs as electrolytes may yet be realized. 
5. CONCLUSIONS 
This overview of the effects of solvents and other molecules in GO upon thermal processing, an intrinsic component of 
all fabrication, highlights of complex chemical transformations, and therefore the importance of in-situ 
characterization to determine the mechanisms, taking place during processing for a host of applications. In addition to 
the techniques presented here, Raman spectroscopy provides critical complementary information, such as the 
concentration and quality of graphene-like material during thermal reduction. NMR spectroscopy has also been very 
instrumental to determine the local chemical environment of RGO. Finally, the correlation of all these spectroscopic 
results with the relevant properties, such as electrical conduction, electrochemical activity, and charge storage, will 
provide the proper feedback for device optimization. 
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